Pannexin1 (Panx1) participates in several signaling events that involve adenosine triphosphate (ATP) release, including the innate immune response, ciliary beat in airway epithelia, and oxygen supply in the vasculature. The view that Panx1 forms a large ATP release channel has been challenged by the association of a low-conductance, small anion-selective channel with the presence of Panx1. We showed that Panx1 membrane channels can function in two distinct modes with different conductances and permeabilities when heterologously expressed in Xenopus oocytes. When stimulated by potassium ions (K + ), Panx1 formed a high-conductance channel of~500 pS that was permeable to ATP. Various physiological stimuli can induce this ATP-permeable conformation of the channel in several cell types. In contrast, the channel had a low conductance (~50 pS) with no detectable ATP permeability when activated by voltage in the absence of K + . The two channel states were associated with different reactivities of the terminal cysteine of Panx1 to thiol reagents, suggesting different conformations. Single-particle electron microscopic analysis revealed that K + stimulated the formation of channels with a larger pore diameter than those formed in the absence of K + . These data suggest that different stimuli lead to distinct channel structures with distinct biophysical properties.
INTRODUCTION
Pannexin1, 2, and 3 (Panx1, 2, and 3) are a family of transmembrane proteins that oligomerize and form channels. Several independent lines of evidence have demonstrated that Panx1 forms the major adenosine triphosphate (ATP) release channel in many cell types. In Xenopus oocytes, Panx1 channels exhibited high permeability to ATP and mechanosensitivity (1) . We previously showed that cells that released ATP through Panx1 channels included erythrocytes, endothelial cells, astrocytes, airway epithelial cells, and stressed cardiac myocytes (2) (3) (4) (5) . ATP release colocalized with Panx1 channels in polarized cells, such as airway epithelia, where ATP is secreted exclusively at the air interface (4) , or the apical membrane of kidney epithelial cells (6) . Panx1 channels released ATP in the presence of increased intracellular cytoplasmic calcium (7) or in response to activation of purinergic receptors (7) . These channels were permeable to cationic and anionic dyes that serve as surrogate measures for ATP release when taken up by cells from the extracellular medium (8) (9) (10) . A direct correlation between ATP release and Panx1 abundance has also been reported (4, (11) (12) (13) , as well as correlation between the pharmacology of the Panx1 channel, channelmediated ATP release (14) , and inhibition of Panx1 channels by extracellular ATP (9) . Loss of the negative feedback inhibition by ATP resulted in increased ATP release (15) . Finally, knocking out the function of Panx1 channels, which had been genetically engineered to have cysteines putatively located in the lining of the pore, by reaction with thiol reagents to block the pore also inhibited ATP release (16) .
Despite this evidence for an ATP release function of Panx1, two recent studies concluded that the Panx1 channel exhibited no ATP permeability (17, 18) . These papers also reported a smaller unitary conductance of the Panx1 channel (~70 pS) than the 450 pS previously reported (1) . The currents of the small-conductance channel were attributed to fluxes of chloride ions (17, 18) . This discrepancy could result from the properties of the Panx1 channel varying between cell types because of differing subunit compositions of the Panx (Panx1, 2, and 3) channels or by association of Panx1 with other proteins (18, 19) . Other possible explanations include posttranslational modifications that cause Panx1 to behave differently, the presence of auxiliary proteins that modify Panx1 channel properties, Panx1 modulating other channel proteins and not forming a channel itself, or the formation of distinct conductance and permeability states by the Panx1 channel that are activated by different stimuli.
The large-conductance Panx1 channel was demonstrated in patch-clamp experiments in cells incubated with high concentrations of external potassium ions ([K + ] o ) (1, 2), stimulated to have increased cytoplasmic concentrations of calcium ions ([Ca 2+ ] i ) (7), exposed to mechanical stress (1) , or placed in a low-oxygen environment (20) . All these conditions are associated with ATP release. Low-oxygen conditions promote ATP release from erythrocytes, which is inhibited by Panx1 blockers (2, 21) . Similarly, low oxygen activates the purinergic receptor P2Y2 in carotid body type II cells, which in turn stimulates ATP release for signal amplification, a process inhibited by Panx1 blockers (22) . Mechanical (osmotic) stress induced ATP release from erythrocytes and airway epithelial cells, which was attenuated by either Panx1 knockdown or Panx1 blockers (4, 12) . Similarly, ATP release induced by [K + ] o in oocytes and in astrocytes depended on the presence of Panx1 and was blocked by Panx1 inhibitors (1, 13, 23) . In contrast, the low-conductance Panx1 channel was only observed in membrane patch-clamp experiments in response to voltage (positive membrane potential) in the presence of low extracellular K + . Under these conditions, no ATP permeability was found. Instead, the Panx1 channel exhibited the properties of a small anion channel with high chloride permeability (17, 18) . Because the different channel properties were observed under different experimental conditions, the formation of the two different conductance and permeability states is most likely due to stimulus-specific phenomena rather than the other explanations considered above. We expressed Panx1 in Xenopus oocytes to test this hypothesis because oocytes are well characterized, and the paucity of endogenous channels minimizes the chance for erroneous attribution of channel properties. Additionally, Panx1 channels expressed in Xenopus oocytes exhibit voltage-dependent gating properties (1, 24) , similar to those observed in other cell types, including neurons and astrocytes (19) . In Xenopus oocytes, the Panx1 channel is closed at negative membrane potentials and requires membrane polarization to positive potentials to open. Yet, Panx1-mediated ATP release also occurs when cells or Panx1-expressing oocytes are exposed to high extracellular potassium ion concentration ( (Fig. 1A) . Clamping the membrane potential at +40 mV was ineffective in inducing ATP release; however, the addition of potassium gluconate to produce high [K + ] o stimulated ATP release from the Panx1-expressing oocytes. The low amount of ATP release from oocytes expressing Panx1 and held at +40 mV was similar to that observed in uninjected oocytes exposed to high [K + ] o or held at +40 mV. This low amount of ATP release is likely the result of fusion of ATP-containing vesicles with the plasma membrane, not channel activity (25) . Membrane currents and ATP release did not correlate in uninjected oocytes or in oocytes expressing Panx1 held at +40 mV under voltage-clamp conditions (Fig. 1B) . The wide range of currents observed for the injected oocytes was indicative of the different amounts of Panx1 expressed by each oocyte, and clearly showed that ATP release occurred independently of the current. In uninjected oocytes, the membrane currents were small and homogeneous, and ATP release varied over the same range as in the Panx1-expressing oocytes. Carbenoxolone (CBX) is a Panx1 inhibitor that attenuates both voltage-induced Panx1 currents and K + -induced ATP release from cells (2, 26) . At higher concentrations, CBX also inhibits connexin gap junction and hemichannels (26) . ATP release at +40 mV was similar in the presence or absence of CBX (Fig. 1C) , suggesting that Panx1 channels did not mediate the small amount of ATP released at +40 mV in Panx1-expressing oocytes, despite robust clamp currents indicating channel opening (Fig. 1D) .
Under voltage-clamp conditions, 150 mM [K + ] o stimulated ATP release independently of the holding potential (Fig. 1C) . Even with the membrane potential clamped to −60 mV, [K + ] o led to a similar amount of ATP release as that from unclamped oocytes (Fig. 1C) . Clamping the membrane potential at 0 or +40 mV did not further increase ATP release stimulated
Because caspase cleavage of the Panx1 C-terminus has been reported as an activation mechanism for ATP release (27) , we tested the properties of K + -stimulated channel function. Extracellular K + stimulated ATP release from non-voltage-clamped oocytes expressing Panx1 in a dosedependent manner ( Fig. 2A) ] o , Cx46 channels open in response to depolarization. Gap junction channels and hemichannels are permeable to ATP (29) . Cx46-expressing oocytes released ATP when the membrane potential was clamped at 0 mV, and this release was blocked by 200 mM CBX (Fig. 2C) . Thus, Cx46 hemichannels released ATP in response to voltage stimulation alone, unlike Panx1 channels, which under identical experimental conditions did not release ATP (Fig. 1C) .
Single-channel properties vary with different activation mechanisms
Next, we tested the hypothesis that the two permeability states of Panx1 channels correlate with the two conductance states of the channel (1, 17) . Analysis of the experimental conditions used in these previous studies hinted at different extracellular ionic conditions as responsible for the difference in channel properties. To determine whether the extracellular ion composition affects single-channel conductance, we analyzed Panx1-expressing oocytes by patch clamp. As reported previously (1), with 150 mM [K + ] o , the Panx1 channel is active over a wide voltage range and exhibits multiple subconductance states, and the maximal singlechannel conductance (g max ) is~500 pS. Here, when held at −100 mV in 150 mM [K + ] o , we observed a maximal single-channel conductance of 520 ± 37 pS (n = 4) (Fig. 3A) . Under this condition, the fully open and the fully closed states were rare and brief events, and the channel mainly dwelled in various subconductance states in concordance with previous reports (1, 7, 30) . With regular Ringer solution outside (80 mM Na + and 1 mM K + ), channel activity was only observed at positive potentials, the unitary conductance was 44 ± 4 pS (n = 4), and no subconductances were observed (Fig. 3B ). The reversibility of the Panx1 large-conductance channel activity was clearly visible by changing the ionic composition of the perfusate of an outside-out membrane patch from K + to Na + and back (Fig. 3C) .
Reactivity of C-terminal cysteine is stimulus-dependent
Previously, using the substituted cysteine accessibility method (SCAM) to determine pore-lining amino acids in the voltage-activated Panx1 channel (16), we found that the C-terminal cysteine of Panx1, as well as adjacent amino acids that had been replaced by cysteine, was reactive to thiol reagents when the channel was opened by stepping the membrane potential to positive potentials. Because the structure of the channel could be different when activated by different stimuli, we tested whether thiol reagents modify K + -induced Panx1 currents. Maleimidobutyrylbiocitin (MBB) is a 565-dalton thiol reagent that irreversibly modifies cysteines and has the potential to partially obstruct the permeation pathway if the reactive cysteine is located in or close to the pore (16) .
We measured Panx1 currents stimulated by K + or voltage in the presence and absence of MBB. The K + -activated Panx1 channel current was not inhibited by MBB (Fig. 4A ). In contrast, MBB inhibited the voltageactivated Panx1 current in the same cell after washout of K + (Fig. 4B ), consistent with a previous report (16) . We also tested methanethiosulfonate (MTSET), which is 278 daltons and reacts reversibly with thiol groups.
MTSET application to oocytes expressing wild-type Panx1 activated by K + did not attenuate the channel conductance (1.7 ± 1.6% inhibition, n = 4) (Fig. 4E) . The lack of inhibition of channel conductance by both MBB and MTSET suggests that the C-terminal cysteine is not accessible to the thiol reagents in the K + -gated channel configuration, but becomes accessible in the voltage-gated configuration.
Our previous SCAM analysis also identified amino acids at the transition between the first transmembrane segment and the first extracellular loop as potentially pore-lining moieties (16) . We tested one of these cysteine mutants (Panx1 T62C, C426S ) for reactivity to thiol reagents. In contrast to the C-terminal cysteine of wild-type Panx1, the Panx1 T62C,C426S mutant reacted with thiol reagents in the K + -activated state and the voltage-activated state, the latter was shown previously for both MTSETand MBB (16) . These data suggest that K + mainly alters the arrangement of the C-terminal moieties, whereas the configuration of the pore lining at the extracellular vestibulum may be similar for both voltage-and K + -activated Panx1 channels.
Electron microscopic analysis of the pore diameter of Panx1 channels under two conditions reveals stimulus-dependent size differences Because Panx1 channels can be differentially activated by extracellular K + , we could study the structure of both the activated and the inactivated channels in solution. Using Panx1 channels purified from baculovirusinfected Sf9 cells (31) (Fig. 5A ), we performed negative stain low-dose electron microscopic (EM) imaging of Panx1 channels diluted 1:14 with either water (unstimulated condition) or 50 mM KCl (stimulated condition). We identified structures with two different pore sizes (Fig. 5, B and C) . The heterogeneous appearance of the Panx1 channels is due to different orientations of the particles as they lay onto the grid. Two types of Panx1 channels, with distinct pore staining but similar channel sizes, are clearly visible in these electron micrographs (Fig. 5 , B and C) and represent Panx1 channels in different orientations. In particular, we analyzed the orientations in which (i) the cytoplasmic surfaces faced toward the EM vacuum (extracellular surface faced the grid) or (ii) the extracellular surface faced up (cytoplasmic surface faced the grid). We assigned these views on the basis of the pannexin channels having a similar quaternary architecture as connexin channels with monomers larger than 40 kD (28) and cytoplasmic versus extracellular channel diameters measured in the Cx26 dodecameric x-ray atomic model (32) . From several micrographs, we selected 500 Panx1 channels from the unstimulated condition (no KCl added) and 600 from the K + -stimulated condition. We used EMAN2 class averaging procedures to classify the different channel orientations for subsequent image averaging. Within these class averages (subsets of the 500 or 600 particle images), we then measured the diameters of the channel and the pore for units that showed distinct staining within the pores to mitigate the effects of slight tilts on these face views (Fig. 5D) . Typically, four to five class averages for each orientation showed distinctly stained central pores. Because Panx1 forms hexameric channels (31, 33) , we also displayed a hexagonally symmetrized class average. One class average from each condition is depicted in Fig. 5D . We measured diameters on unsymmetrized class averages. We found little significant difference between the Panx1 channel diameters (~160 to 170 Å for cytoplasmic surface views and~108 Å for extracellular surface views), but a more than 300% increase in pore diameters (~54 versus 15 Å) at the cytoplasmic surface and a 29% increase (~44 versus~34 Å) at the extracellular surface for Panx1 channels incubated in 50 mM KCl (see distributions of measurements plot from the class averages in Fig. 5E ). These structural data further substantiate the results of the electrophysiological experiments, establishing the formation of two distinct channels with different pore characteristics that depend on the activation mechanism.
DISCUSSION
On the basis of the data we have presented, we propose that Panx1 channels can exhibit distinct and unique conductances and permeabilities in the same cellular environment with only the stimulation modus as the variable. We observed these two channel properties in the same Panx1-expressing oocytes, but under two different activation conditions. Hence, it is unlikely that other proteins modulate Panx1 to assume different conductances and permeabilities, as has been previously suggested (17, 18) .
Instead, it appears that Panx1 itself can assume two distinct channel conformations and that the mode of activation determines the configuration.
The high-conductance and large-pore configuration of the Panx1 channel likely predominates in most physiological and pathological settings. Many physiological stimuli open the Panx1 channel in cells at the resting membrane potential (Table 1) is a rare event only associated with cells that form action potentials. A limited number of cell types, including neurons and muscle cells, exhibit action potentials for their functionality, and with the exception of heart muscle, these are of very brief duration, lasting about a millisecond. Not surprisingly, membrane potential-induced ATP release from nerve terminals is mainly, if not exclusively, vesicular in nature (34) (35) (36) (37) . The positive potentials required for Panx1 channel activation approximate the reversal potential for MgATP 2− and ATP 4− . Indeed, as indicated in a recent study of connexin hemichannels (38) , a membrane potential of +80 mV is close to or even beyond the reversal potential for ATP. ATP flux through connexin hemichannels, which only open at extreme positive potentials, did not occur while the membrane potential was stepped to +80 mV. Instead, a brief ATP release was associated with the tail currents after stepping the membrane potential back to −40 mV. Although tail currents are useful analysis tools, they are experimental artifacts. In vivo, membrane channels do not operate under voltage-clamp conditions. A cell would need a combination of slowly inactivating depolarizing channels with fast-opening hyperpolarizing channels to approximate the situation encountered experimentally in tail currents. However, most ATP release in vivo occurs at the resting membrane potential or in slightly depolarized cells, conditions in which connexin hemichannels are closed and Panx1 channels are activated by other means than changes in membrane voltage.
Physiological stimuli for Panx1 typically induce the large-conductance configuration. These stimuli include low oxygen, mechanical stress caused by hypotonic conditions, increased cytoplasmic calcium concentration, and ATP and glutamate signaling through their cognizant receptors (7, 39) ( Table 1) . Oxygen deprivation from erythrocytes or neurons induces the high-conductance channel configuration with permeability to ATP and similarly sized molecules (2, 20) . Similarly, increased calcium ion concentration activates a 500-pS channel in oocytes expressing Panx1. ATP and glutamate activate the large Panx1 channel configuration in oocytes coexpressing Panx1 with purinergic receptors (7, 8) The small-channel conformation of Panx1 may serve a specific physiological function as yet not recognized. Just as K + is a surrogate activation mechanism of the "large" Panx1 channel conformation, the voltage activation may mimic an as yet to be identified physiological stimulus for the "small" Panx1 channel.
The observation that different stimuli can induce different conformations of a membrane channel with distinct conductances and permeabilities is unusual. To our knowledge, only one channel, the ligand-operated purinergic receptor P2X 7 R, has been associated with a similar phenomenon. Depending on ligand application, brief versus long or single versus repetitive exposure to ATP, P2X 7 R is a small, cationselective channel or a large pore with no selectivity except a size exclusion limit of <1 kD. However, the nature of this "pore dilation" of P2X 7 R is presently controversial, and the possibility that Panx1 or other proteins represent the large-pore conductance reported for P2X 7 R remains an option (8, 10, 44, 45) . Shown also are averages and SDs from 10 measurements of the channel and pore diameters of four to five class averages for both views from the two conditions. (E) Scatter plot of the measurements shown in (D) (n = 10 for each measurement). +/− KCl Cyto Ptcl, stimulated and unstimulated cytoplasmic particle outer diameter, respectively; +/− KCl Extracell Ptcl, stimulated and unstimulated extracellular particle outer diameter, respectively. 
MATERIALS AND METHODS
All procedures were conducted in accordance with the Guiding Principles for Research Involving Animals and Human Beings of the American Physiological Society. Ovaries were harvested from adult female Xenopus laevis. Ovaries were cut into small pieces and incubated in collagenase (2.5 mg/ml; Worthington) in calcium-free oocyte Ringer solution, stirring at one turn per second at room temperature. Typically, the incubation period was 3 hours for oocytes to be separated from the follicle cells.
The plasmid containing mouse Panx1 in pCS2 was linearized with Not I. In vitro transcription was performed with polymerase SP6, using the Message Machine kit (Ambion). mRNAs were quantified by absorbance (260 nm), and the proportion of full-length transcripts was checked by agarose gel electrophoresis. In vitro-transcribed mRNAs (40 nl) were injected into Xenopus oocytes. Cells were kept in regular Ringer solution (82.5 mM NaCl, 2.5 mM KCl, 1 mM Na 2 HPO 4 , 1 mM MgCl 2 , 1 mM CaCl 2 , and 5 mM Hepes) with the antibiotic streptomycin (10 mg/ml).
Whole-cell membrane currents of oocytes were measured using a two-electrode voltage clamp (Gene Clamp 500B, Axon Instruments/ Molecular Devices). Glass pipettes were pulled using a P-97 Flaming/ Brown type puller (Sutter). For thiol reaction of the native C426 of Panx1 and the engineered Panx1 T62C, C426S , MBB (from Calbiochem) was initially used. However, MBB presently is not further available, hence the switch to MTSET (from Toronto Research Chemicals), which yielded similar results as MBB in our previous SCAM analysis (16) .
Single Panx1 channel activity was studied with the patch-clamp technique using a WPC 100 amplifier (E.S.F. Electronic). The oocytes' vitelline membranes were manually removed by forceps. For inside-out patches, both the bath and pipette solutions contained 140 mM KGlu, 10 mM KCl, and 5 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES; pH 7.5). For outside-out patches, both the pipette and bath solutions contained 140 mM NaCl, 10 mM KCl, and 5 mM TES (pH 7.5).
ATP release was determined by luminometry. To open Panx1 channels, either the oocytes were exposed to solutions with increased potassium ion concentration or the membrane potential was held at positive voltages through a voltage-clamp circuit. Unless otherwise noted, after 20 min of stimulation, an aliquot of the supernatant (50 ml) was collected and assayed with luciferase/luciferin (Promega).
For EM structure analysis, Panx1 hemichannels were isolated from baculovirus-infected Sf9 cells according to published methods using a His 6 tag affinity purification protocol (31, 46, 47) . Specimens were assessed for purity using SDS-polyacrylamide gel electrophoresis and Western blots (31, 48) . A solution (about 2.8 mg/ml) of purified Panx1, in elution buffer, was diluted in double-distilled water (unstimulated condition) or in 50 mM KCl (stimulated condition). The diluted sample was adsorbed on carbon-coated grids and negatively stained using 2% uranyl acetate. After blotting, the grids were imaged on an FEI Technai Spirit operated at 120 keV. Low-dose images were collected using Serial EM software (49) and a TVIPS TemCam-F224 2K × 2K charge-coupled device camera (TVIPS). Images were acquired at ×30,000 magnification with a 1.6 post-column magnification and had an effective pixel step size of 4.2 Å/pixel on the specimen. The dose on the specimen was in the range of 4 to 8 e − /Å 2 . Class averages and C6-symmetrized averages were performed using EMAN2 (48) . The diameter measurements in Fig. 5D represent "an average of averages" because the total numbers of images used in computing cytoplasmic and extracellular surface views averages ranged between 46 and 78 images per surface view for the unstimulated and 50 mM KCl-stimulated conditions, respectively.
